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ABSTRACT 

Two stage magnetic amplifiers are extensively 
used in many applications, but several types have not 
previously been mathematically analyzed. The Hybrid III 
is described in detail and analyzed by the methed of 
finite difference equations. Experimental data confirms 
the analysis for negligible source resistance of the 
power supplies, but shows that the analysis is invalid 
for appreciable supply source resistance. Further 
examination reveals the cause of the strong effect of 
Source resistance. The Hybrid IV is described in detail 
and analyzed by the same method. Experimental data 
fails to confirm the analysis completely, but when steps 
are taken to eliminate diode unblocking, the gain is 
confirmed. 

The authors wish to express their appreciation 
for the assistance in conception and development of 
the analysis rendered by Mr. Raymond B. Yarbrough of 


the U. S. Naval Postgraduate School. 
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I 
INTRODUCTION 


Magnetic amplifiers have been in use for many 
years, and have become more in demand recently for 
military and space applications where a high degree of 
reliability and relative insensitivity to environment3i 
conditions sre desired. Although many analyses of 
specific magnetic amplifier circuits have been made in 
recent years, there are still several classes of circuits 
Which are being designed and built only on the basis of 
laboratory experiment and personal experience. In parti-= 
cular, Lynn, Pula, Ringleman and Timmel (1) state that 
the transfer function of the type of circuit known as 
Hybrids "have not been very thoroughly investigated, 
other than experimentally." In particular, they state 
that if the Hybrid III circuit did not have the advantages 
of high gain and fast response, it would probably not be 
considered practical, because of analytical problems 
associated with the interstage circuit which couples 
the first stage gate and second stage signal windings. 

Johannessen (2) has provided a method of analysis of 
magnetic amplifiers by the use of difference equations. 
ic the purpose of this paper to apply this method to 
the Hybrid III and IV circuits, in the hope that a 
successful analysis will lead to future design of these 


circuits by analytical, rather than experimental, methods. 








Il 
THE HYBRID III AMPLIFIER 

A. Introduction and Description 

The Hybrid III magnetic amplifier circuit is shown 
in Fig. i. This circuit is a two stage amplifier with 
push-pull output. It has the advantages of high gain and 
fast response, with a basic one cycle time delay. This 
circuit will accept a phase reversible a.c. or polarity 
reversible dec. input, with a resulting polarity reversible 
average doce output. Because of the half cycle output 
of the circuit and its one cycle time delay, feedback may 
be employed directly. This is not true in the single stage 
amplifier of this type, because with only a halif cycle oute- 
put, and a half cycle time delay, a portion of the output 
fed back to the input core will arrive there during the 
gating half cycle, when input" hes no effect on the average 
output. With such a two stage amplifier as the Hybrid III, 
the output from the second stage occurs during the reset 
half cycle of the first stage, making feedback realizable. 

A brief description of the circuit's operation follows. 
The diodes are so arranged that, barring diode unblocking, 
the input cores can receive gating voltage only from the 
coupling loop source voltage. Therefore, in the absence 
of input voltage, cores 1 and 2 will receive no reset and 
remain saturated. The core sized and turns ratios are 
arranged so that the current flowing in the coupling loop 
prior to input core saturation is insufficient to cause 


2 


% sane 


LINDY SAMGMY OMSNOWW HT GiaSSAH JH 





mc 








resetting of the output cores. Therefore, because of 
the output circuit diode arrangement, if the input core 
remains unsaturated, the output core will receive no reset, 
and remain unsaturated. (Gating voltage is provided by the 
output source voltage in the alternate half cycle to that 
in which the input cores are gated.) In the absence of an 
input voltage, both input cores are saturated by the voltage 
source in the coupling loop. This results in currents in 
both coupling loops which provide resetting mmf for the oute 
put cores. The ratio of the output and coupling loop source 
voltages is adjusted so that, with no input, the output cores 
gate and reset during alternate half cycles, just reaching 
saturation at the end of each gating half cycle. In this 
condition, since cores 3 and 4 are matched, whatever small 
magnetizing currents flow in the two output loops are 
exactly balanced, and there is no output. 

If an input voltage is applied to the circuit, it 
provides reset for either core 1 or 2, but not both. 
This results in incomplete reset of either core 3 or core 4, 
but not both, because the current flowing in one of the 
coupling loops is insufficient for reset of the output core 
during a portion of its resetting half cycle. This in 
turn leads to saturation of one of the output cores during 
the following half cycle, an accompanying unbalance of the 
output loops, and a resulting output current. 

There is a phenomenon occurring in the output cores 
of this cirecnit which was not realized in the early stages 

dy 
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of the analysis. That is, because of the configuration of 
the output circuit, there is in the unsaturated output core 
(whose reset voltage has not been effected by input voltage), 
a reduction of gating voltage during the portion of the half 
cycle when output current is flowing. Since the voltages 
are adjusted so that with no input there is complete reset 
of the output cores, this reduction in gating voltage 
leads to negative saturation of this core during the next 
half cycle. At first glance this situation seems to provide 
no problem, since current in this half cycle is blocked by 
the output diode, However, it will be shown later in the 
analysis thst if there is any source resistance in the 
coupling loop supply voltage, this negative saturation 
of an output core will result in a nonlinear positive 
feedback effect, which in turn results in a departure from 
the one cycle response time. 
B. Outline of the analysis. 

1. Procedure. 

The procedure used in this magnetic amplifier analysis 
is summarized as follows. 

a. The circuit and cores were examined quslitetively 
to determine the modes of operation that were of interest, 
assuming that the circuit and cores operated linearly 
within each cf this modes. 

bh. Loop equations for each loop of the circuit, and 
mode equations relating core voltage and current for each 
core of the circuit were written for each mode. These 


> 


—- 


equations were solved separately for each modé, to obtain 
the core voltages and currents of interest. 

ec. Applying the principle of Faraday'’s law that the 
volt=-time integral (change of flux) over a full cycle must 
equal zero for any core which is cycling in a steady state, 
the voltesecond equation was written for each core. These 
equations reduced to expressions in terms of the core voltages 
in individual modes that had already beem solved for, and 
core firing times. 

ad. The expression for the half cycle average value of 
load current in terms of mode solutions for load current and 
core firing times was found. Core firing times were solved 
for. 

e. The value of core firing times in terms of circuit 
parameters and output current, plus the values of ccre 
voltages in terms of circuit parameters and input voltage 
were substituted into the previously written volt-second 
equations. Rearrangement of these eaauiious gave an eke 
pression for output in a given half cycle in terms of 
circuit parameters and input in one or mode previous half 
cycles. This expression, the output difference equation, 
describes the operation of the circuit. Its limits were 
found from re-exsmination of each mode, and when these 
were determined, the difference equation provided the 
circuit's transfer characteristic. This transfer charace 
teristic, and the circuit's time delay, provide all 
necessary information for design. 
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C. The Analysis. 

1. Assumptions. The circuit used in this analysis 
has been shown in Fig. 1. Definitions of parameters are 
given in Fig. 2. It was originally assumed that: 

a. The first stage cores are identical, as are the 
second stage cores, The hysteresis loop of each core 
is "square", and the unsaturated core function is as 


. 


i "4 44 = 4Mg In + Mg Ge 


follows: 


that is, the sum of all ampere turns applied to the core 
is equal to the static magnetizing mmf plus a constant 
times the voltage appearing at the gate winding, accounting 
for eddy currents. The plus and minus sign are to provide 
applicability to both the gating and resetting situations. 
The method for determining the constants is described in 
Appendix A. 

b. Before core 1 reaches saturation, its gating 
current is less than the static magnetizing current of 
core 3. Therefore, this current is insufficient to change 
the condition of flux in core 3. Before core 2 saturates, 
its gating current is likewise insufficient to effect 
core 4, 

c. The source voltages are square waves, in phase, 
with negligible source resistance. 

d. The input voltage is a constant, or varies 
Slowly enough with respect to the source voltages to be 
considered a constant during a half cycle of source voltage. 
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Fig. 2. = Nomenclature 


Cys Cor Cas Cy = instantaneous core voltage, output winding 


Pe7rCso instantaneous value of supply voltages 
ee instantaneous value of control voltage 
Eo(n) control voltage assumed constant over 
a given half cycle 
Boy? E55 magnitude of square wave supply voltage 
G dynamic core conductance, equal to the 
ratio between change in loop width 
and core voltage 
i instantaneous current 
Tin) average current, averaged over a 
specified half cycle of supply voltage 
I, magnetizing current corresponding to 
the static core loop width, referred 
to the output winding 
Kis Ky: Ke : derived constants in difference equation 


n=-1, n, n+1 


three consecutive half cycles of the 
supply voltage 


Na» Np turns ratio of the output winding to 
the control winding, of input (A), and 
output (B) cores 

Ra resistance of coupling circuit, including 
windings and forward resistance of diodes 

Rp resistance of output circuit, not 
including dividing or load resistance 

s1?Rso source resistance 

Ro resistance of control circuit including 
windings and source resistance 

Ry dividing resistance 

Rr, load resistance 

L period of one half cycle of supply voltage 

Vy back voltage on a diode when not conducting 
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(n) = time, measured from beginning of half cycle, 
OX = when input core saturates 


= time, measured from beginning of half cycle, 
(n when output core saturates 


DEFINITION OF TERMS 
Gating = The change of flux toward positive saturation. 
Resetting = The change of flux away from positive saturation, 


Gating =~ 
Half Cycle= The half cycle in which a core normally gates. 


Reset- 
Half Cycle= The half cycle in which a core normally is 
reset. 


Firing time-The instant of saturation of 4 core. 


Diode 
Blocking <= The diode is reverse biased. 


Diode Un= 
Blocking = The diode is forward biased during a half cycle 
When it is normally blocked. 








e. Diode unblocking does not occur. That is, when 
the source voltage is of such polarity as to oppose 
current flow through a diode, it is assumed that the 
combination of core voltages in the loop is insufficient 
to overcome this source voltage and cause current to 
flow. In situations where this is not the case, it 
will be shown later, & special non-symmetrical source 
voltage can be devised which will force the the assump- 
tion to be true. 

2. Assumed Modes of Operation. A preliminary 
examination of the operation of the circuit revealed 
that there are four modes of operation, and that with 
the assumptions made, the circuit's operation is linear 
within each mode. The polarity of output voltage will 
depend on that of the input voltage. With the polarity 
of input voltage as shown in Fig. 1., the modes are as 
follows: 

Mode I. Assume that at t=0, core 1 is at some 
intermediate flux level, cores 2 and 3 are saturated, 
and core 4 has just reached saturation. The source 
voltages have just reversed to positive polarity as 
marked. During this mode: 

Core i is gating 
Core 2 remains saturated 
Core 3 remains saturated 


Core 4 is resetting 
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This condition continues until core 1 saturates. 


Mode II. Source voltage polarities remain as 
in Mode I. 


Core 1 is saturated 
Core 2 is saturated 
Core 3 is resetting 
Core 4 is resetting 
This condition continues until the source voltages 
reverse polarity. 
Mode III. In this mode: 
Core i is resetting 
Core 2 is saturated 


= 


Core 5 is gating 
Core 4 is gating 
This mode continues until core 3 saturates. 
Mode IV. In this mode: 
Core 1 is resetting 
Core 2 is saturated 
Core 3 is saturated 
Core 4 is gating 
Because of the symmetry of the circuit, the operation 
will be the same with the input voltage polarity reversed, 
provided that the core numbers 1 and 2 are interchanged 
as are core numbers 3 and 4, in the above description. 
Certain characteristics of the circuit's operation 


became evident from the above. First, load current could 


only flow in Mode IV. Second, with the input polarity 
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as shown, core 2 never comes out of saturation. Thus 

it was assumed that core 4 would alternate between 

gating for one half cycle and resetting the next, provided 
that the values of the source voltages and circuit re- 
sistances were appropriate. The values necessary for 
this condition will be developed in the analysis. It 

will also be shown that under certain conditions, part 

of this hypothesis was not valid. 

2. statement of Modal Equations. Using the 
preceding section as a guide, the equations for each 
mode were written as follows: (Note that source voltage 
polarities are not inserted here. ) 

Mode I: 

The following variable are zero in this mode: 


V a. 


Cor Os» Vays Yao tpg? tpo» Ay: 
fe =| teher 4yfiny 
est = Sha aa a 
esi = droky - easy 
“€s0 =H iGlbs 
“fap = 2&4 Yah 


“*c/Ngtiz, = Loa + Grey 
=too/§a = —ton + “Be, 
Mode I1I:3 


The following variable are zero in this mode: 


1? &o2 Voge Voor 1py2 po» ty 








=€se 

7ase 

~4p4/"B 

-lro/Np 
Mode III: 


Lele 


Cc C 


ino R, = ey /Np 
a "b3 

en ~ Voy 

“Ion + Gp e 

= ep ap aes 


The following variables are zero in this mode: 


dei? tror Gos Vase Vou 


1 Ro- e,/N, 
sia oe ys 
-e,/Ny - Vio 

ez + in, (Rp + Ry) = i, Ry 
e, + lp (Rp + Ry) + i, Rp 
“loa + Gy e, 

IoR i Gp ez 


Top t Gp &y 


Mode IV: 


The following variables are Zero in this mode: 


Cor Cz 1pqs tpos Vass Vou, 


i Roo e,/Ny 
oy 
-e,/Np = ae 


ip (Rpt Rp) = 1pRp 
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=€ e, + Ano (Rpt Rp) + iRy 


52 
-1/Ng = en + Grey 
ino = Inn + Gpey 
is (2Rp & Ry) + 1 joRp> in Bp = 0 


4, Solution of the Modal Equations: The equations 


in the preceding section were solved simultaneously, 
each mode separately. When this was done, and the 
polarity of source voltage was inserted for each mode, 
the following results were obtained for core voltages 


and load current: 


Mode I: 
@ 
1/5 et oC WB 
2 
oa - “NpE. 4 /Ny R, Ball 
2 
1/Nz Ry +: Ga 
e e - 
20 SA lig L(I) =e) 
Mode II: 


2 
_ oN Ny R, + I 
e5 (II) = Bs Bak oB 


W/o hate 


“SleLD) 


=( ti) Po (i) a eETyese® 


“tai ) 
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Mode III: 
_ -e /N,R 1! 
©. (III) = ce AC 6+. COA 


2 
/N, R,+G, 
e = Eoo/(Rp 4 Rp) - Ioz 
3(IIT) VA ae © 
B D B 
SA(TIL) 9 sees eee ) 


o> (i oe lay 


Mode IV: 






ler R_+R_R_+R_R [z oI p(Rp+h ) 


D D +4 » \ i. yD. 
[2RpRatRyRptRLRp| [1+Gp(Rg+Rp) | +Rp 
Rp | [Eso - Ipp(Rpt Rp)| 
2RRytRLRetR Ro] [i+G5(RptRp) | +Ry 


5. Reexamination of Circuit Operation, Based on 
Modal Solutions, 


“4 (IV) 






+n (IV) 


When en = O, cores 1 and 2 must remain in saturation. 
In this condition, cores 3 and 4 alternate between 
the gate and reset values determined in Modes II and III, 
as shown in Fig. 3. In order that the output voltage 
be a minimum when there is no input voltage, it is 
necessary that the gate and reset values of voltage on 
these cores be equal in magnitude and opposite in 
polarity. If this is so, the output cores reach 
positive saturation at the end of one half cycle, 
negative saturation at the end of the next, and there 
is no load current. This is true if: 
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°3(II) = “©3(III) 


or: 
=NoE ./N “Rial oe epee 
_ Bae sDark OB = J spe 2 Deo ob 
1/Np* Ra + Gp 1/(RptRp)+Gp 


One convenient way to accomplish this is to let: 


NBESy = E90 
and 
N_°R = R, +R 
BUA B D 
When e. is not equal to zero, the voltages were 


c 
assumed to have the wave forms as solved for from the 


modal equations, and as shown in Fig. 4. However, 
examination of e, showed that this assumption must prove 
false. In Mode IV, the gating voltage of core 4 has 
decreased from the value previously determined for € (=0 
while the reset voltage has remained constant. In order — 
that the volt second areas remain equal for gate and 
reset over the two half cycles, core 4 must saturate 
negatively for some portion of Mode II. It might seem 
that this would negate the modal solutions already 
performec, but it was reasoned that this was not the case. 
The load current is not effected since current through 
core 4 is blocked during this interval by its diode. | 
The voltage on core 2 and the conditions in the input 
loop are not effected, since core 2 is already saturated. 
Therefore, the only change to the conditions originally 
assumed will be that the wave form of e, will be as 


shown in Fig. 5, and during the period when core 4 is 
17 
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negatively saturated, all of E,, Will appear across Rg, 
resulting in a high instantaneous current. The gating 
time of core 3 (3 ) is shown to be equal to the reset 
time (T =e) since the magnitudes have been made equal 
by the adjustment of supply voltages and resistances 
deseribed in the beginning of this section. This is 
actually the first application of the volt second 
equation to the problem. 

6. Derivation of the Difference Equation, Let 
Modes III and IV be the (n-1) half cycle, the following 
Modes I and II be the (n) half cycle and the next 
Modes III and IV be the (n+i) half cycle. 

Writing the volt second equation for core ji over 


the (n-1) and (n) half cycles: 


(n=-1)T - Sa 
o + =) dt = 0 
(neay Att) ane 


eq(Irl)s : eMes) ‘CS) =0 


€4( III) ot =) Sen) =) 


The time of load current flow in the (n+1) half 
cycle is controlled by the firing time of core 1 in the 
(n) half cycle. So, writing the expression of the half 
cycle average value of load current in the (n+i) half 


cycle, the value of ©C¢(n) was solved for: 


eT oT 
I ti 1 di = 2 i dt 
L(nt+i) = iff L(n+1) Cede 
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T 
or: 
od, z at 
(n) = L( n+ 1} 
T 17,(Iv) 
Next, the value of of (n) from the current equation 
T 


was substituted into the volt second equation, 


I 
Smet) + =a) L(n+1) == (0, 


1h,( Iv) 
Finally, the known values from the modal solutions 


(with appropriate subscripts on E, depending on the 
varticular half cycle) were inserted in this equation. 
The equation was then simplified, and a difference 
equation resulted as follows, expressing output as a 


function of input: 


L = 
L(n+1) — a ae E 
= ~e(n) Peeen) 
Ko N,Re <2 Nake 
where: 
1 + 4G, + 1 E I R 
=~ iL 2s Se SO D 
K, = FE Ro ” 2 +R 4 | 
vba 3s eee ee 
2. 
eee Tales +(e + Gpl (2RpRy+RpRpr RR 
wry + Gal EDU +/_ i B) (CRpRp HRT Rpt RyRy 
Na Ro | As RptRp ( 
kK, = E51 — toa 
Ra 
Kz — Toa 


Next, linearization of the difference equation was 
attempted. If Ko >> Eo(n)/NaRe for the maximum value 


of E,, then the difference equation can be reduced to the 
2 1 
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form: 


I Ky Bete i)» = gets 
a) Kew Nae K 
2 A™c 2 


Maximum and minimum values were obtained as follows. 


The minimum value of Ih 


Eo(n- 


have an effect on core 1). 


n+1 ) 


is 0, and will occur when 


1)/NaR, is equal to I,, (any less EQ will not 


The maximum value of Th(n+i) 


Will occur when [eax] = lerczzz) 








or E 
Ware + “oA ~ Ry - dive ee 
i G, + A i eG 
2 N ep A 
Ny R. Ra a *e 
Solving for E,/N,R, 
Eg | i 
=== —ClCi + OG + -OA 
E, max. = Ry Ny sc = qa 
NR mG + OG, + 1 
a Na“Ro - SE 


To check whether the transfer characteristic can 


be linearized, take a circuit: 


ions 


10 
1000. Eq, 
750% R, 
10 


Eso 


100Vv. 
E.o/Np =- {Ov. 
10 fh. 


(Rpt+Rp)/Np° = 7.6 fi 


{Oro x WO 


mm Np 
a Hf 

Toa = wo ‘ Rp 
Ny =e Ra 
then: 

E, max. /N,R, 
and: 

Ko = 999.9 x 107? 
thus 

and it is 


ee 


3 


Ky>E, max./N,R, by two orders of magnitude, 


valid to linearize the transfer characteristis to: 








Realy E KK 
Tenet) = tt c(n=1) = 1 


This results in a linearized steady state transfer 
characteristic as shown in Pig. 6. The I, plotted is 
the full cycle average value of iy and this its just 
one half the half cycle average value of load current 


which appears in the difference equation. 
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7. Experimental Verification of Analysis. The 
next step was to build the circuit and to attempt to 





verify the difference equation and transfer characteristic 
that had been obtained. The circuit was set up as 


shown in Fig. i. Parameter values were as follows: 


Ry, = 1280 na = 90T Nop = 450T 
Rp = 8905. Nop = 1257 1B = {oooT 
Ra = 15.035 Lr Ny es Ne = 8 

Rp = 20 Es] = 5.8v. 

Ro = 100 Eno = 24. 


Source resistance was measured at 1.435 ohms end 
was taken into account by adding it to the winding 
resistance of the center loop to obtain R, a8 shown 
above. The core parameters were determined as shown in 
Appendix A, and were found to be: 
G, = .0868x107tr Gp = .0763 x 1079 w 
Toa = 05D X {07> amps TAR wie oon x i07"amps 
Using the parameters in the previously derived 
difference equation the following constants were determined: 
Ky, = 1.359 amps K, = .339 amps Kz = .35 x 10°) amps 
These’ constants resulted in a steady state gain 
equation of: _ E, = 5.12 BE, = e904V. and a 
complete analytical transfer characteristic as shown 
in Fig. 7. Experimental data was then taken, and was 
also plotted on Fig. 7. 
There are several things worth noting from the 
comparison of the analytical and experimental transfer 


characteristics: 
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(1) In general, the experimental gain agreed well 
with that which was analytically determined, except 
for a gradual increase in gain as the output was increased. 
The reason for tnis will be discussed in a later section. 

(2) The jump discontinuity, close to the origin 
in believed to be due to "triggering" of the output 
cores. This phenomenon is discussed in references 3 and 4. 

(3) The discrepancy between experimental and 
analytically determined maximum output is believed to 
be due to diode unblocking in the output circuit. 
Consider the output core which does not saturate bee 
cause of E, (core 4 for polarity as shown in Fig.1). If, 
during the half cycle when Ly is supposed to be blocked 
be the output diode, the core couples across to the 
output circuit enough of E,, to more than equat Ess 
current will flow in this loop when it was assumed not 
to, in the original modal assumptions. This current 
will produce a voltage across the output which is 
opposed to the normal polarity of output voltage. 
When the output voltage is averaged over a full cycle, 
this results in a reduced d.c. output. 

The next step of experimental verification was to 
employ a non=-symnetrical supply voltage to attempt 
to eliminate diode unblocking. Although unblocking was 
believed to be occurring in both the coupling and 
output circuits, it was decided to attempt to eliminate 
it at first only in the coupling circuit. 
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A non=-symmetrical voltage can be developed using 
either circuit A or circuit B of Fig. 8. However, 
it was postulated that circuit A would have low source 
impedance during the positive half cycle and high 
impedance during the negative half cycle, while B 
would have high source impedance in the positive half 
cycle and low source impedance in the negative half 
cycle. Since low source impedance is a generally 
desirable characteristic for the supply voltage to any 
magnetic amplifier, and since the external amplifier 
circuit is designed to prevent current flow during the 
negative half cycle, circuit A was chosen, 

To verify this hypothesis, the circuit shown in 
Fige 9 was devised to measure the source impedance in 
the forward direction for both circuits A and B. By 
measuring the forward voltage on the oscilloscope it 
was found that for circuit A, the forward impedance 
was 21.8 ohms., While that of circuit B was 213 ohms, 
Thus the advantage of circuit A was verified, 

Next, using circuit A for the generation of Eoq9 
mew experimental data was taken which, it was expected, 
would more nearly equal the theoretically derived 
transfer characteristic. Unfortunately, this was not 
the case. The results are shown in Fig. 10. All 
parameters were the Same, except for the addition of 


the non-symmetrical Egqs Which resulted in a slight 


eT 
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adjustment of the forward magnitudes of E. and Eso 


1 


(E.; = 4.6v., E_. = 23.5v.). The analytical transfer 


S2 
characteristic was derived in two ways, as shown on 

the figure, for comparison. First, all the original 
parameters were used, ignoring the 21.8 ohms source 
resistance and the voltage variations. This resulted 
in a serious discrepancy between experimental and 
analytical results. Next, the new values Were taken 
into account. Ry was the parameter most seriously 
effected. It was modified by making the assumption 
that equal currents flowed in the two coupling loops 
(an assumption that was far from true, as will be shown 
later). With this assumption it was possible to modify 
Ra by simply adding twice the source impedance to it. 
This was done, and the resulting analytical transfer 
characteristic was, although closer than with the 
original parameters, still far from the experimextal 
results. 


8, Reexamination of Circuit Operation, Considering 
Negative Saturation of an Outout Core. 


x 








After the unsatisfactory experimental results that 
were obtained when source resistance was introduced 
into the coupling loop, it was deemed advisable to 
completely reexamine the assumed modes of operation 
of the circuit. 

It is recalled here that one of the original 


assumptions made was that the source impedance of 
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both Eos and Bo were Negligible. At this pcint, 
thls assumption was dropped, and a new qualitative 
examination of circuit operation was made, starting 

from the point in section 5 where it was discovered 
that, for a nonezero input voltage with polarity shown 
in Fig. 1, core 4 saturates negatively during some 
portion of its reset half cycle. 

The operation under these conditions is best 
understood by referring to Fig. 11. The modes of 
operation have been re-numbered to include that in 
which core 4 saturates negatively. In this mode (III) 

a large current will flow through cores 2 and 4, limited 
only by Ry and the source resistance of Esj° eM ths 
source resistance is appreciable compared to Ra 

(it was greater than Ra in the experimental setup) the 
voltage applied to the upper loop (cores 1 and 3) 

will be appreciably reduced in this mode. Since core 1 
is saturated at this time, this reduced voltage is that 
Which is ayvplied to core 3 for reset. This will result 
in a smaller volt=-time area and a consequently smaller 
flux reset during the reset half cycle. In the next 
output half cycle, core 3 will therefore saturate 
earlier, and the half cycle average of output current 
Will be increased, This in turn will lead to an 

earlier reduction of core 4 gating voltage in 

Mode V, a consequent earlier negative saturation of 

core 4 in the next half cycle, and a continuation of the 
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process, increasing the output, until steady state is 
reached. This then , explains the remarks in the 
introduction concerning the non-linear positive feed-~ 
back effect and the loss of one cycle response time. 
The feedback is non-linear because the amount will 
depent on how long Mode V lasts, and consequently on 
how long Mode III exists. 

It can now be seen that a complete analysis of 
the circuit, including the effects of source resistance, 
becomes extremely difficult. The voltages and currents 
in the individual modes can still be solved for as 
before, but relating input to output, through volte 
second equations, becomes much more complicated. This 
results from the fact that the saturation time of core 1 
( &) and the saturation time of core 3 ( 3 )(which is 
equal to the commencement time of load current) are no 
longer simply relating by the expression 

f3 =e m Of. 

as was the case in Fig. 5. In the new situation the 
relationship between T =~ & and f depends on the magnitude 
of the coupling circuit source resistance anc the 
duration of Mode III. 

The following procedure would have to be followed 
for a complete analysis of the circuit, including the 
effects of source resistance: (refer to Fig. i1) 


(1) Solve for €,, ©,, and e,, in each of the 
five modes. 


Be 





a 
- _ — iia ~. 
a a -= i » - 
—s - 
a 
: ‘ 7 ] 
ad 





(2) From a volt second equation for core 4, find 
the relationship between negative saturation 
time (¥) and load current firing time (£8 ) 
in terms of half cycle average output current. 


(3) From a volt second equation for core 3, find 
the relationship between T= o and p é 


(4) From a volt second equation for core 1, find 
the relationship between eo< and input voltage. 


(5) By inter-relating the above steps, find the 
difference equation which relates input to output. 


This procedure was started, and those solutions 
that were obtained are contained in Appendix B, for 
anyone who may wish to pursue the analysis. 


9. Experimental Verification of Section 8, and 
Conclusion. 





The positive feedback effect which has just been 
discussed was believed to be the cause of the slight 
upward curve of the transfer characteristic before 
extra source resistance was added by the non-symmetrical 
source circuit. (Fig. 7). The source resistance in 
this case was only 1.435 ohms, but this becomes signi- 
ficant when compared to R, = 13.6 ohms. To verify that 
this effect was the cause of the gain increase, it 
was decided to modify the output circuit so that no 
negative saturation of an output core would take place. 
This was accomplished by using a center=-tap output, 
as shown in Fig. 12. The general characteristics of 
the circuit are the same as before. It has a half 


wave, push-pull output. 
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The experimental setup used the same parameters 
as those which resulted in Fig. 7. The positive feed-= 
back effect resulting in the upward curve of the 
characteristic was expected to be eliminated. Because 
of the change in configuration of the output circuit, 
it was not expected that the gain would equal that 
obtained previously. 

The results obtained are shown in Fig. 13. It 
can be seen that the positive feedback effeet was 
eliminated, but there was a jump discontinuity near 
maximum output. It is believed that this is due to 
"triggering" of the input cores. This phenomenon is 
well discussed in reference 3 and 4. The effect was 
largely eliminated by increasing the resistance in the 
coupling loop, as shown in the second curve of Fis. 13. 

It can be concluded from this analysis and the 
preceding discussion, that the complete analysis of 
the Hybrid III magnetic amplifier is an extremely 
lengthy task. It is not a technically difficult task, 
however, only requiring much time consuming continuation 
of the work that has been done here. However, if an 
analysis which assumes negligible source impedance 
will serve the purposes of the designer, it is hee 
lieved that the results contained in section 6 wiil 


closely match future experimental data. 
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Tit 
THE HYBRID IV AMPLIFIER 
A. Introduction and Description. 

The Hybrid IV magnetic amplifier circuit as usually 
configured is shown in Fig. 14. A simplified forn, 
which is equivalent for analysis purposes, is shown 
in Fig. 15. The number of turns in the gating winding 
of an output core of Fig. 15 is equal to the sum of 
the turns on both gating windings of the output core 
in Fig. 14. As in the Hybrid III, this circuit will 
accept a phase reversible a.c. input but it will only 
accept one polarity of d.c. input, and it will provide 
a phase reversible a.c. output or an unidirectional d.c. 
output. The output contains a variable d.c. component 
which is often desirable for damping in dynamic control 
applications. Examination of the circuit reveals that. 
the input and output cores gate in alternate half 
cycles. This results in a full wave output at maximum 
input, which means greater inherent gain than that of 
the Hybrid III, but also means a loss of the latter's 
fast response time, because of coupling between the 
upper and lower portions of the circuit through the 
input loop. 

A description of the circuit's operation is as 
follows. It can be seen that because of the arrangement 


of the diodes in the coupling loop, corgi and 2 can 
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receive gating voltage only from the coupling loop 
source voltage, and they receive this voltage in alternate 
nalf cycles. Likewise, the output cores receive their 
gating voltages only from the output source voltage, 

and they also receive it in alternate half cycles. It 
is assumed, and the circuit is so designed, that the 
current flowing in the coupling loop before saturation 
of the input core in that loop is insufficient for reset 
of the corresponding output core. The amount of reset 
of an output core depends on the firing time of the 
input cores, which in turn depends on the amounts of 
reset provided them by the input voltage. 

Consider now the situation resulting from zero 
input voltage. Cores 1 and 2 will saturate early in 
alternate half cycles, their only reset voltage coming 
from coupling through the input loop to one input core 
while the other is gating. Reset voltage will tnerefore 
be provided to the output cores alternately, over most 
of each half cycle. The output voltage is adjusted so 
that in this condition the output cores just reach 
saturation at the end of a gating half cycle. This 
results in minimum output current, since the only 
current flowing in tne output loop is the magnetization 
current before saturation. 

if the input voltage is now slowly increased, the 
time of saturation of cores 1 and 2 will be later and 


later, since they are receiving more reset voltage. 
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This means that cores 1 and 2 will take longer to gate 
to saturation, thus allowing less time for reset 
current to flow in cores 3 and 4 This in turn will 
mean that the firing times of cores 3 and 4 will be- 
come earlier, allowing output current to flow during 
a greater portion of each half cycle, thereby increasing 
its average value. There will be a minimum input 
voltage above which the output core undergoing gating 
will saturate before the input core which is gating 
during the same half cycle. This will result in two 
possible sequences of operation. Either the input core 
Will saturate prior to the output core diagonally 
opposite it, or this output core will saturate first. 
It will be shown in the analysis that both situations 
lead to the same results. In other words, the Hybrid IV 
is a balanced circuit since, during steady state 
operation, cores i and 4 in one half cycle perform 
identically to cores 2 and 3 respectively in the 
alternate half cycle. 
B. The Analysis 

1. Assunptions, The general method of analysis 
is the same as in section B of part I. The circuit 
used in this analysis has been shown in Fig. 15. Definie- 
tions of parameters are the same as those for the 
Hybrid III (Fig. 2) with the following exceptions: 

Rys Ry = Resistances of coupling loop, less source 


but including core Windings and forward 
diode resistance, 
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Re Ry = Resistance of output loop, less source and 
Load resistances but including winding and 
two forward diode resistances, 

Res Re = Source resistance. 

Ra = Ry + R,. == R,, 4 R, 

Rp = Re + Re + Ry = Ry of Re + Ry 

The same assumptions apply as were made for the 
Hybrid III, with the following exceptions: 

The source voltages are not assumed to have 
negligible source resistances. 

When a pair of output diodes such as 3 and 5 are 
not conducting, the voltage across the pair divides 
equally between them, 

2. Assumed Modes of Operation. Based on the 
description of circuit operation in section A, it 
was assumed that modes of operation are as shown in 
the table of Fig. 16. There are two possible paths 
through the modes, either down through the left half or 
through the right half of the figure. These two 
possibilities are shown in the waveforms of Fig. i7 and 18. 
It can be seen that for either of the two paths, modes IV, 
V, and VI are the same as I, II, and III respectively, 
if core 1 is interchanged with core 2 and core 3 with 
core 4, This will simplify the analysis, in that 
explicit modal solutions need only be obtained for 


the first three modes. 
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Figure 16 - Assumed Modes of Operation = Hybrid IV 


Mode I 
Core 1 = gating 
Core 2 = resetting 
Core 3 = saturated 
4 —- gating 
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Mode II 2 Mode Il b 








- saturated gating 

- resetting resetting 
- resetting saturated 
ao lanl added 73 yor T 






@ saturated 
- resetting 
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Core 3 - resetting 
4 =| saturated 


Mode IV 


Core 1 = resetting 
Core 2 = gating 
Core 3 = gating 
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Mode V a Mode Vb 
Core 1 = resetting Core 1 = resetting 
Core 2 = saturated Core 2 = gating 
Core 3 = gating Core 3 = saturated 
Core 4 = resetting Core 4 = saturated 
Mode VI 

Core 1 = resetting 

Core 2 = saturated 

Core 3 = saturated 

Core 4 = resetting | 
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3. viatement of Modal Equations. Using the preceding 


section as a guide, the equations for each mode were 


written as follows. Since E in a given half cycle 


s1 
has the polarity which E.5 has in the following half 
cycle, polarities are inserted here: 
Mode I: 
EE, = i R. - e1/N, = 2/Ny 
et ene 
Bai Seni Tipaee Co tT SRI Ns 
E50 =e, + isa (Ry+R6+R, ) 
Bao = eVnz + eh (Re-R,) 
et Leyva, tries) Cae 
Toa = A o/iy + Ae: 
=op en "Snes 
Mode II a: 
Eo = 1oke - "osu, 
Boy = +91 a 7 °3/tty 
ay - “yy, 7 "poe 
Ego = @y + 1py (Ry+R¢6+Ryz) 
Eso = 2Vp3 - @3 + Ay, (Re-R,) 
Ton = +o /Ny + Gre, 
top = tR1/Np + Gres 
top “14 SREY 
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Mode Il b: 


Eo = 4B, - “1/Nq my 2/0, 


Ego = iz, (RatRe+Ry) 
Toa = de/ny + ipa - Fae 


Toa ee Lo/Np + Gye, 
Mode IIT: 


Eo = 1,8 - °2/Np 


Von 7 Go + IpyRs 


ei 


Eso = doy (Ry,+R6+R, ) 
Toa = Lo/Ny + Ge, 
1op = Ri /Np + Gre, 

4, Solution of Modal Equations. The equations for 
each of the modes in the preceding section were solved 
Simultaneously.. The following results were optained 
for core voltages and currents: 


Modes I or IV 


2 2 | 
: GaN ) “Io, Ry l2+G,R Ny i G,R,N,E. 


e _ S = € 
eT 
(1+2 GaRg) ae GpaR Ng (14+G,Rq) 


2 | 
21, R = Be, +E Re, (146.8, )-NyCi4GaRa)Ee 


€ = 
Dp) En | 
t) (142 GyR,) + GaR.N,© (1+G,R,) rv 
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e 
A 5 
2 
i. - (B.,G, ,bay(2 +GaRQNa") + GaNaBe = ip. 
‘. = SpEso stop = 4, 
4(T)  14GBRp (IV) 
Modes II(a) or Via 
Eo, = ToARoNa® = NaFe = e 
(Ita) oo - '(va) 
4G, RN, 
e = Tia a aaah 
2 (TTIa) AA B  .—_—glees 1 aS C475) 
1+G,R, Nao 
Cy <<. = Eso bps = ez 
(lig; i+GpRp (Va) 
i = EgiGpNp° , Npbp = i 
“1(IIa) “Weary? (Va) 
BA"B - 
a “2 1OB + Gph.n = ji 
Liftta) “a Ct~=—“<—~S SS 
pee? 1+GpRp (Va) 
Modes ei bi) or V(b) 
, e 2 ‘ 
tte GyRy 7 G,RN, (1+G,R,) 
2 
af = RN tac. = Nf 
e,(II), = Spt Be gion ee cere ae ee eH y)E 
2 j 
142 GR, + G,RWN, (1+G,2,) 
2 
Ry (II) po EE IR yy 


142 GyRa+ GaR Na (1+G,R,) 


1p, (IZ) ,= 22 
Rp 





=e). 
Lz (v)b 
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Modes III or VI 


o 
f 
“e 
b> 
i 
ae} 
b> 
tS 
oO 
t 


= Sir 


d 
dt 
ed 
b> 
ee 
bd 
io 
bd 
by 
1) 
Ul 


e C4 VL) 


by 
”) 
2 
i 

Mm 

- 

— 
bd 
3 
bg 
l 


a = = 
R4 (IIT) *Ro( yr) 


"La( ITI)" —_— = *13( yz) 
It should be noted that if any given core is 
followed through a full cycle, it does not matter whether 
the a or b sequence is followed. The core will still 
pass through the same sequence of voltages. The only 
difference will be the time that each of these voltages 
is present. This means that regardless of whether an 
input core or the output core diagonally opposite to 
it saturates first, (Fig. 17 or 18) a single volte- 
second equation can be written to express the core's 
change of flux over a full cycle. 
5. Firing Times. Referring to Fig. 17, the amount 
of reset of core 1 in the (n=-1) half cycle determines 
the amount of gating of core 1 in the (n) half cycle. 
The time of saturation of core 1 in the (n) half cycle 
determines the amount of reset of core 3 in the (n) 
half cycle. The amount of reset of core 3 in the (n) 
half cycle determines the amount of gating of core 3 in 


the (n+1) half cycle. The time of saturation of core 3 


in the (n+i) half cycle determines the starting time 
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of load current, and therefore, its average value, in 
the (n+1) half cycle. 

The following relations between o¢ , the firing 
time of the first stage cores, and fp , the firing 
time of the second stage cores, can be shown with the 
aid of the waveforms of Fig. 17. When EB. =2 CO, meare 
values of B., vs. E,5 and Ra vs. Rp are adjusted so 
that cores 4 and 4 just saturate and reset over full 
half cycles. Thus: 


€3(III) = ~€3(rv) 2d earyr) = &4(7) 
Oa. 


2 
Ego = I opp an tap Bes N BE sy 
1 + Gpkp 1 + GpRaNpe 


As with the Hybrid III, a convenient way to insure this 


=) ee 
and Rp = Ne Ry 


If this is done, when a control voltage is applied, 


iomcvo Let; Bao = N,E., 
the magnitudes of voltages on the output cores will 
remain equal over successive half cycles. In this 
case, in order to satisfy the necessary condition of 
equal volt second areas, the time of reset must equal 
the time of gating. It is therefore obvious from Fig. 17 
that the tine of gating of an output core (B ) must equal 
a half cycle (f) minus the previous time of gating of 
the associated input core ( od): 

B (n+i) = T = 2d(n) and A (n) = T o O(n-1) 


6, Derivation of the Difference Equation. The 


modal equation solutions show that 1i(ry)= iL(va). 


ma 





The following half cycle average output currents were 
obtained by summing the integrakb of the various magnie- 
tudes of current over the half cycle: 


nT+ B (n+1) — 
pin 
ye n 


Lh (n+1) 7 T4 A (n+1) 


ri 


aura) a 


raj=— 


| B caw) (in ry) . Li ¢yr))t42( v2) | 


substituting T = &(n) for 3 (n+1) 
Ty(net) = An(rvy + “n¢vry > An¢ty)) &(ny /q 


therefore: .™<(n) _ jf 4 
7 = L(n+1) = L(IV) 


4n(vI) 7 +42{IV) 


In the same manner it can be shown that: 


altel) = Brae) 
dn(rzmp tn(1) 
The volt second equation for an input core was 
written over the (n = 1) and (n) half cycles: 
(n=2) T+ %X(n-1) (n-1)T (nei) T+ol(n) 
“1 4Et) dt + — dt + “1{1) 


an (n=2) te ai (n=1)T 


or: | OG (rn 
esc 7 °1(va)] Spoble #61¢vay go%1(1) 


Substituting the appropriate core voltage and 
firing time solutions into the above resulted in a 


difference equation of the following form: 


We 





i a 
- 
od 
Sa 
- 7 





es 


K K E I | K - K 5 _E 
Ti(net) = ie eae 1) aera) o(ned)| 45 "¢(n) 
Ke + K 7 = o(n) 
where; 
* arnt 
1 
‘ ame ) te ~TaRy(24G,RoNy”)| 
ae 1+2G,R,+G,R N, “(14G.R.)|I..R.N, 
mS Teas sah ar ta er) tara 
Ez a 
i 4 2 Ps | 
. [ 2 2)| 
K, = (1+G,R 5) G,R,N, 
a a 2 
Ke = (1,+G,E,)(1+G,R Ny ) GaRgNy 
a “ 2 2 - 
Ke = (14+GpR5)(14+G,R,N,“) | By (i+GgRNy ) oT,R, (2+, RN 4%) )| 
Ky = (14G5Rp) (1+G,R,N,°) GaRgNy 


From the ferm of this difference equation, it can 
be seen that this amplifier is not of the fast response 
type. The load current in a given half cycle depends, 
according to the equation, not only on input voltage 
in two previous half cyeles, but also on the load 
current in the prior half cycle. Therefore, a step 
change in input will result in an exponential change 
in output, which will take a finite time greater than 
two half cycles, to reach steady state. This verifies 
the assumed method of operation, as described in the 


frst section. 


53 





q 
_ 
a 
_— a * 





'. Verification of Analysis and Conclusion, The 





circuit shown in Fig. 15 was set up and operated such 
that full reset and gate of the second stage cores 
could just be achieved in full reset or gate half 
cycles respectively. The following parameters were 
measured for use in the difference equation. Diode 
drops, source resistances, and winding resistances 


have been included in these parameters: 


Run #1 

Ra = 326 Es, = 95V- Toa = »35x107 
Rp = 1308-4 Eo = 24.0v. G, = .868x1074 
Re = 305 1 

Ry, = 1280 Ion = 1.065x107- 
nog = 450 7. Nog = 1000 T. Gp = .763x1074 
Noa = 90 T. nop = i258 

Nz = 5 Nz = 8 


The solutions for the difference equation constants 
using the above parameters were: 


K, =-48.7 x io"? Ky, = .155 K, = 2274 


7 
eto. 0 x 10 «Kk, = eres ee 
K; =aeks Ke = Stas 
Rearrangement of the Difference Equation for steady 
State operation (In¢n +1) = In(n)) gives: 
A Ks “ Ke)E, 
Ty one Ke oo Kz + Ko+k,, E. 
Substituting the constant values for run #13 


-48,7 x 1079 + 159.7 x 10° E, 
ay a 13.6 a7 »429 Bo 
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The experimental and analytically determined 
results were plotted together on Fig. 19. AS can be 
seen from the figure, the characteristics are in very 
serious disagreement. The volt second areas of successive 
reset and gate half cycles of the second stage cores 
were found to be in very close agreement for E, = 0. 
That is, substituting the parameter values of run #1 
in the solution for ex (71) and ez (Iv)? it was found 
that: 

ez (1)? = 20,.8T volt seconds 

ez (tv)T = 20.67 volt seconds 
and as previously stated, this was a criterion used 
in the analysis. Also, during that period of the 
half cycle when the first cores were gating, 1. was 
much less than the threshold magnetizing current of 
the second stage cores, thus satisfying another of the 
initial assumptions; 


i 1? (for Eo = 1.0 volts) = 2.051 x 107 amos , 


r 
Referred to the gate winding of the second stage cores, 
this current is 2.051 x 1079/8 = .25 x 10°79 amps, which 
is less than Ip, = 1,065 x ere amps. 

At this juncture, all of the assumptions appeared 
to be valid with the exception of the assumption that 
the diodes associated with a particular core remained 


blocked during those half cycles when the core was 


resetting. 
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Current and voltage waveforms of the circuit used 
in run #1 were then studied,and it was determined that 
considerable diode unblocking was occuring in the load 
circuit diodes during those half cycles when they were 
assumed blocked. Referring to Pig. 20, 21, 22, and 23, 
it can be séen the Lbs flowed whenever core 3 was 
resetting, thus Vz was unblocked when it was assumed 
blocked. This unblocking resulted from the coupling 
of the reset voitage of core 3 across to the gate 
Winding of core 3 with such a magnitude and polarity 
that it acted to unblock Vze The path of this current 
is through diode Ve in the reverse direction and back 


to core 3. See Fige below. 





The negative current through Ve is determined by 
examining the change in the waveforms of iyg- When the 
circuit was opened at Vis i176 increased because the 
reverse current had ceased to flow. The effect of this 
reverse current could be clearly seen'in Fig. 20, 21, and 22 
by observing that 1,6 was decreased in magnitude during 
that portion of the half cycle when core 5 was resetting. 


This circulating current flowed in a direction which 
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effectively was acting to gate core 3 while 1,4 was 
resetting core 4. Thus, for a given output 4 greater 
amount of yolt=-second reset had to be applied to core 3 
because the circulating currents in the load cireuit 
were acting io hold off the reset of core 3, To fet 
this increase: volt-second reset of core 45, core 

had to saturate sooner in its gating half cycle. This 
meant that BE. hal to be less so core 1 would Ssturate 


sooner. Effectively, therefore, the coupling into ihe 


load circuit ani the resultant unblocking of V, 46nd ¥,, 
during the recet cf cores 35 and 4, acted as a poritive 


feedback which increased the gain since @ smalier sanount 
of input was required for a given output. This tabloskin, 
resulted in an invalid difference equation since ome of 
the major assumptions made in writing the modal equations 
called for ell diedes to be blocked for a full half oycle 
out of every cycle, 

The modal equations, volt-Second eguations, enu 
difference equation had been checked many times befure 


discovering the diade unblocking in the load ciylitt, 


44 


This repeated check of the derlvation Was felt necessary 


because of the cunsbersomeness of the differences ey uti: 


before it was isejuced to the final forn. 


esl 


To prove that the analysis as made would be valid 


j 


for a Hybrid iV -ircuit, operating in accordante with 
the initial assuxpttons, the following circuits ware 


vested in an effort to eliminate any unblocking 21 the 
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diodes when they were assumed blocked. 


(1) Switching Transistors in lieu of Diodes. CGenter= 
tap source for E,5 = Fig. 24. 





(2) Switching Transistors in lieu of Diodes Va» 
Vo, V3, and Vy, @ Fig, 25. 





In Fig. 24 and 25, SP = 147 PNP transistors were 


used to switch gating current on and off in the various 
loops. However, even though the base resistances were 
varied to obtain the best switching possible, simulation 
of the Hybrid IV was not satisfactory because of 
dissimilar characteristics of the transistors and an 
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apparent phase lag of from 1/8 to 1/4 cycle when 

Switching. This phase lag was evident with both sinusoidal 
and square wave source voltages (400 cps.). Even with 

the phase lag, attempts were made to achieve balanced 
circuit operation but were not successful. 

Fig. 26 is a diagram of the circuit used to achieve 
the half cycle diode blocking desired. Eo, and Ez5 in 
this diagram were used in place of E,, in the circuit of 
Fig. 15, and Eos and Egy, were used in place of E..5 in the 
Same circuit. In order to obtain large blocking voltages 
during appropriate half cycles the nonesymmetrical voltage 
circuit described in section 7 and Fig. 8 was used. 
Otherwise the circuits of Fig. 15 and 26 are the same. 

Hybrid IV = Utilizing non-symmetrical source voltages. 


Fig. 26 
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Run #2 was made using the circuit of Fig. 26. 
The experimental and difference equation characteristics 


have been plotted in Fig. 27. 
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The circuit parameters for run #2 were as follows; 


Ry = 144 fh Bag Seo. Toque se aioe 
Rp = 1388 1. Eso = 15.90v. G, = .0216xi07? 
Ry sw 1500 gg: Inp = 1065x107? 
Ry = 1280 1 eon ,0753x10°> 
Ny, = 900 T Ngp = 1000 T 
N, = 10 ae 
Difference equation constants; 

Pe = = ,1 
Ky = 0.484 Kz = .303x107 
Ke = Pm | Ke = 107.0 


This resulted in a steady state difference equation 


as follows: r 





I = 


re ~.01625 + .00534 E, 

For an Rk; of 1280 ohms, this gave: 

Ey ae -20.8 + 6.8353 E, 

The plot of the analytical solution of run #2 
is shown in Fig. 27. This plot shows the characteristic 
to be entirely in the fourth quadrant for the range 
of E, used in the experiment. If the linearized 
analytical transfer characteristic is displaced 21.8 volts 
in the positive E, direction its slope, and therefore the 
gain, corresponds fairly well with that of the experi- 
mental characteristic. The fact that the analytical 
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HALT EET HAE ea ne E sae PE TE if 
Hf ed EE TE EEE bo HTT EE HEE TELE TE at Ht He 
HEHE TERT ali eT EE t 


a 







{ HE HE HEE HIE HEHE EEE Hf ARTE HE APSHA HH HEH ee RATA HEE TATE 






ese EE EH EE SL TAT APRESS Te 
Hi HERES Hu He it i a Hit EAE FEE eae: Hae 
ace SIRE nT tt HIE ERT Av kewp Tw" cals 
i THEE a oe HL HH rH et LE a é Hee A bdlahaee 
PRB EEE EEE REE FH EEE EEEEEET EEE ET HELE AYE BiH : iH 
Eote FSH Ht TT cA HT THE He Ht cee agli 
ca I HH LEE Ht He HEE anna SHE 2 i TER Ma ia HSE HH HE it i 





fies a et : HIE ditt HUE Hat HH Bae Same Hn He i HE HE HE HED ee 
aes Aa CEE REE EE EEE I rig ue TERESTEREEEEES : 
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Solution lies entirely in the fourth quadrant is not 
explained. It would appear that the constant tern, 


K in the difference equation was in error. However, 


1? 
even though this is the most complex tern, the solution 
had been checked and rechecked and it is belleved that 
there were no errors made in the derivation of the 

terms of the difference equation. 

This investigation has revealed that the two stage 
amplifier does have high gain. However, the diode un-= 
blocking in the final stage resulted in a positive 
feedback effect which, though it accounts for the higher 
gain, considerably increases the complexity of the modes. 
Future investigation of the Hybrid IV circuit should 
include the effects of the unblocking described previously 
and attempt to derive a valid equation that will describe 
the transfer characteristic. An investigation comparing 
two stage amplifier performance with that of single 


Stage amplifiers in series would also be of interest, 
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APPENDIX A 
DETERMINATION OF CORE PARAMETERS 

If a way could be found to obtain a curve which 
related the magnetomotive force (mmf) applied to a core 
during the time flux change was taking place, to the 
volts per turn on the core during the same period, as 
in Fig. 19, 1t should be possible to find the constants 
in the expression: 

F=antI,+nGe 

as follows: 

Let n = no. of gating turns 
k = slope of the mmf vs. volts/turn curve 
F = total mnif 
F, = magnetizing mmf (before flux change) 
I, = magnetizing current 
G = dynamic core conductance 
Then, from Fig. 28: 


oo W, + joe 
k on 


Comparing this with the core characteristic shown 


above: 
a — qo 
nG = 1/kn 
So: L, =Ee72 
Ana: G = 1/k x 1/n* 


This characteristic can be obtained by the circuit 


of Fig. 29. The voltage on the core is displayed. 
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MMF (VERSUS VOLTS PER ‘TURN 
Figure 28 
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vertically on the oscilloscope, simultaneously with a 
voltage proportional to the current, which is 
displayed horizontally. As the core is alternately 
gated and reset, the volts versus current pattern will 
be traced out. The result, for a square wave input, 
is shown in Fig. 30. The bright spots in the Fig. are 


the locations of current and voltage at the core conduc= 


tion in which the core spends the major portion of its oe 


time, namely, when the flux is changing. By varying 
the supply voltage, the amount of reset can be varied 
from zero up to the onset of saturation. The locus 

of a bright spot will then trace out the desired curve 
Omer ie 25. 

The data from the above was adjusted to include the 
values of the current measuring resistance and the 
number of turns. The results are shown for both cores 
in Fig. 31. These results are expanded for each core 
on Fig. 32 and 33. Straight line curves were approxi- 
mated by connecting the point where saturation begins 
to the point representing voltage for half saturation, 
and these lines were used to derive the core values as 
follows: 

Core A: 

Magnetics, Inc. core #50106 = 2D 
material - Hy Mu 80 n = 9$O0@sturis 


I. = .35 x 1072 amps. G = .868x107* mhos. 


0 
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: a PTR cr lle PTH 

F a Ge na ate ltt it et OI, 
afta | STEELERS TE TTT TEE 
oo Sa 
ae fit fl HT LUTE TEE 
LE HE ee HATH NG FETBHEE AL HN A cae 
eg anes fash PTT LENGE He BETH PETER 
e AEE ELE Ht eon SEE HEE aN NE HEH TE sabe Ha EEE PEPE 
HEN ETE a aE 

NF 


Hi ce ae HET EATE THHE a 
ETB [HEHE an H/o Te ane TETHER HLL ae HER cee 
i ile ee eel et a Hi ee NTT EE 
EEE THLE HE SESEETE FLEE FSET Ta EIN Ge | th ee 
HATTA ST Fa ae ee qs 
{ETE EE stiss He HE FE ie EET EE AE Hi EE HHH ate +4 
He fA Ee LEH cE ah ae LEE Th lee 
if PEE IEEE Hi HE i Hit HEE TE A el BE HuE HH oh 
ETE ESE EERE ETT Ee i a 
a ATE ae EEE TE EE LE TESA E TF TEE ive | Peat 
E Ht 3H ate HH aa Hoe Hi EP FEL HE EEE HE A “I te ae 
STAI A ETRE PEELE HEE CAREER i 
| HIE HURL ae TECH Be UE TREE TE 
2 a ae ie 
= aa HHH THE EE aye A HH HEEELELH E PHT PUL: 
| HRTF ee aT He HE dae Hl el oe HLL te 
th TEE a HEA EE HE ‘i ATER de SHEE LEIE ST TEE 


HE it | + H 
HE Soeae 
HTH oh 
eH 


EH EEE SEH EH EEE H rH 
STE i A EAT fl EET TET EEE EEE EET EU ETE 
Ean Ha HHL HHT ee Hil HAE Ea a HE REE rene HE et 
TRL HEH LTR EEE TE te FT ea aE EEE He ane 
ii a EET ETT EE ES TEEN HELE 
a ea 
Fe CHEE HEE HHT ae | HEE SCE TEPPER FUE ian HIVE a 
aa 


Ce meee eT ee i 


aaa Pei att aE ae, He L HEE au coe i te Aa rH 45 ce . 
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ee BA 
Pe aT oe QTL 

EAN el Hie Se a 
(a ae anh ae = FETT 


Pas HE BN i PE a EE See 
PETE Hite (ESS aie AU ty 
HET BEE SA TETE ELE UT a ARATE oe ARETE 
BET LEHLE ay Soh ALE “fo He HE 
ee ET PH EE TE : ce ETE IRA 
HSE ni Se i | 
HEE ie ETE TEE RE: EN UTE FETE ETHER EEE EEE 
ae ile SEE ETRE iol NE iC ee 
Bae ante |aulantan tiie tre| ee i Hh NG : A LEIA 
Coe AIEEE PME THE 
RR Re ESTEE UE aE ga EE 2: tt 
ine STEERS AEE TINUE EAN RED Ae tol 
Ga LGU TRUE AAA: ce ESTES TET Hs ie 
a Hy FEE So HET H tia THE He HEE {THE AE EE ie He + i oe i it ES ol 
Ee He ae ch EE een | 
eee Ee HEHE ee a 
Be aL a Ta ne HEE Hl HST aE 
Se TIE ERATE UU 


Re Lh ae Hi et ESL _ LE Ne Tae Hii TAN t ve 






mt a ial a Le et aR Me 

[Hs a Hi ae Hy ae Cee AH SE EES TE 
ae Lt EEE if it SHH ERS VETTE WELL : 
Ee He EE el in aaa mt cae EAT ET HH 

aca aes ae oe iE ie ile mM HEHE Se HEEL 

EE HIE a ate ae rE HEE ie THE ETHEL Ht HUE HE HiT Hn HY FEEL iit it rae Ht i Ht i ae 
EE Ee ETE STATE HESEEHEREE aT eaT! HERI ae fff 
Pee FL Ti HATE H HE i He Hie HE 3 HE re iE ERE HE Heh HE HE atl Hi HTH HH HE HAE f 
pee SE eS oe HE ETE ene aE Ae a 


i 
LE Pine o ee Ae EEE BILE AU aH HIE IEGEE iE a ae an a ep He a An ial i 
H+ tr) Sitti re ; 


4 nae PH EHH HE ETE HHS 
Fay nar SEY ani Het HT F tf EPR aT TREE EEE Ff ae HEE 
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Core B: 


Magnetics Inc. core #50004 = 2A 
material - Orthonol n = 1000 turns 
as = 1.065x107- Ge= » 763x107 mhoOS o 


O 
It should be noted for core A, that although 900 


turns was used to take the data, and therefore, to 
compute the volts per turn, the n used in the equations 
for I, and G was the number of turns used in the 


amplifier experimentally, i.e., 450 turns. 
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APPENDIX B 
RESULTS OF PARTIAL ANALYSIS CONSIDERING SOURCE RESISTANCE 
In order that anyone wishing to continue the analysis 
of the Hybrid III amplifier may utilize what results 
have been obtained, the following partial analysis is 
presented. 
The circuit to be analyzed is shown in Fig. 34. 
The assumed modes of analysis are as were shown in Fig. il. 
Using these two figures the equations for each mode 
were written as follows: 
Mode I: 
Cn = ick, = e,/Na 
Cg, = @ytin (Ra+R,, ) + lpo (Rg4) 
C5, = ipo (Ra+R.,) + ip, (Rsq) = e,/Ny 
“ega°=) -p3 
"esp 2 etbs 
“i,/Ngtip, = Ipg+Gae; 


“tpo/Mp = -IpptGpey 


Mode ITI: 
en = 1QR, 
@5, = tro (RytRei) + ipy (Roy) = €4/Np 


~Gge = &, 7 Vax 
-12,/Nz =a =a + Gpez 
mipo/Ng = -Iopn + Gpey 


iD 








eS Bunsis 
| — AINVLSIS SY 
AIOACS Gum LINDO ASIANA WV OILSNOVW TT GISGAR Shi 





Mode III: 
eg = 1k, 
C5, = 4py (RatRg1) + igo (Rgj) - €2/N, 
C5, = ipo (RyatRs,) + ip, (R.,) 
“(ae — "Sake bs 
sfeeez "ips 
-ip,/Np = -Iop + G Rez 
Mode IV: 
Sy a! LE -e,/N, 
Qs, =e, 7 e2/Np =e 
e,, = -e,/Ny ~ Voo 
“€n5 = 3 + Ip, (RptRptRgo) + ipolRgo) = 1,Ry 
“€.5 = €, + ino (Rpt+Rpt+R,o) + 1p (Reo) + ipRp 
wi /Ng = -Ig, + Gyey 
15) = IoR + Gpez 
Ipon = Iop + Gpey 
it (2Rp+R,) + 1 noRp “ 1nqRp = 0 


Mode V: 
eo = AR = e,/N, 
Cs1 = &1 7 Yb 
C54 = -e,/\N, “Vio 


“Cs0 = ey t+ ino (RptRptRgo)+ 1a (Ryo) + ipRp 
~1,/N, = <I, + Gye, 

ino = Iop + Spey 

iy (2 Rp 4 Ry) + ipo Rp - ipy Rp = 0 
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The solutions for those voltages that were solved 


for, with voltage polarities inserted, are as follows: 


Mode I. 
2 RatR PS ~Io, R 
[es (Ry +2R,R.,) + a o1/it52 || -#E | 


+ EgyRy (GgRatNp*) - IopR,,R/Np 


o- = 


Caen Se nn nn a ee ae 
1 ec 

Ne C Ne 

fogRs Ty ] e (Ry +RaR,,) + Tez HORS eR Ror Ny 


Mode Il. 

Es1 
1 + GpNpR, Topky + 2 Ippkgj ler 
Np 


2 +GNR GC (Rid Rel ee < 
E P| E A 1] We? te Gp NpRyRg 


c = 





Mode III. 





: Est Ra 
Top Ray + 2 Iop Rgkyy - = Neg 
e — 

4 ae 
Gphy? +20pR Rey 42 + Pe 
Mode IV. 

C 
Toa a WaRo 

e, = 
G + { 

. V,2R, 
Ny Ro 
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EE GBB so| |R,2 - (2Ry+RL) (Ry+Ry+Ryo)| 
2 
+ [ 2Rpt+Ry, | [(1-G Roo) (Byo-Io pk...) -TopGg(RgtRptRgo) | 
= 2 2 
+ (2topoBR) ) (RptRpt2R.5) = Iopkp 


a 
? . D r= eee 
[ 2RytR, | [ 14265 (RptR +Rso) +Gp (RptRp+R,.,) ce Bast 


a 2 2 z 2 
Gn lige? (Ra+Rp+2R..) (Rp | 26 pRy 
Mode V. 
— = a 
Loa Na ao 
Ga, + 
A 2 
Na Ry 
Eso Rp -- Topky (RptRpt2R,o) 


i, = 
[(22p+Ry) (RytRyt+Reo)- ory I +G,(RytR +Roo)] 
~ Gok. [ (2Ry+R,) (Ryo) i ary? | + Ro- 
To complete the solution, it will be necessary 
to solve for ey in all modes, and then to write volt 
second equations as detailed in the body of the thesis 


to relate input to output. 
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